Children with ADHD often have sleeping difficulties, and children with sleep apnea often display behavioral symptoms. The few experimental studies in children suggest that sleep restriction impairs attention and cognitive performance.
I
NATTENTION AND HYPERACTIVITY/IMPULSIVITY, the key dimensions in attention-deficit/hyperactivity disorder (ADHD), have long ago been hypothesized to be hallmarks of sleep deprivation among healthy children, 1 but studies assessing the effects of sleep deprivation on children's behavior have been scanty; thus, this statement is based mainly on practical experience or clinical observations. The few experimental sleep restriction studies in children have mainly concentrated on the cognitive consequences of sleep deprivation. [2] [3] [4] [5] [6] [7] However, the studies by Fallone et al, 2,3 also covered behavioral aspects and a significant increase in inattention scores was reported, whereas the increases in hyperactivity and impulsivity scores were not statistically significant. Moreover, a few surveys have also associated parent-reported short sleep duration with externalizing symptoms, 8, 9 depression, 10 or inattention. 11 Only 2 studies to date have assessed the consequences of short sleep using actigraphs: Aronen et al 12 associated short sleep duration with inattention and externalizing symptoms in 49 children aged 8 to 12 years, and Nixon et al 13 with emotional instability but not inattention or hyperactivity in a sample of 519 children aged 7 years. However, in the latter study, the actigraph registration included only 1 night, and the unidimensional actigraphs were worn on a belt around the waist, which may lead to inaccurate sleep parameters. 14, 15 Thus, there is a clear need to further explore the behavioral effects of short sleep in large epidemiologic cohorts.
The main objective of our study was to test whether short sleep duration as measured by actigraphs or parental reports is associated with behavioral symptoms in 7-to 8-year-old children. Our main hypothesis was that short sleep duration is related to behavioral symptoms of ADHD. We also tested whether short sleep is related to behavioral symptoms independently of sleeping difficulties.
METHODS
The children came from a random, population-based urban cohort initially comprising 1049 infants born in a large maternity hospital from March 1 through November 30, 1998 , in Helsinki, Finland, and their mothers. 16 The eligible infants were defined as those born as healthy singletons between 35 and 42 weeks of gestation.
In 2006, children and their parents were invited to participate in a follow-up. The local ethical committees approved the project. Each child's parent gave written informed consent. Nine hundred twelve (86.9%) mothers of the initial cohort agreed to be included in the follow-up, and 890 (84.8% of the initial cohort) mothers were traced.
Because 1 of the major study objectives of this multidisciplinary follow-up study was to assess how maternal licorice use during pregnancy exerts effects on the child's developmental outcomes, the sample was weighted according to maternal licorice use during pregnancy. The study reported here is not related to that research question, but the sampling method was taken into account in the statistical analysis. We invited all 88 children belonging to the group who were prenatally exposed to high levels of glycyrrhizin in licorice (Ն500 mg/week); 64 children participated. The other invited children had to live within a 35 mile radius from Helsinki to manage costs (n ϭ 325). The latter group consisted of 271 (42.4%) children with low (Յ250 mg/ week) maternal licorice exposure and 54 (42.5%) children with moderate (250 -499 mg/week) maternal licorice exposure; of these 211 and 46 children participated, respectively.
Of the 413 invited children, 321 (77.7%) participated. Nonparticipation was not related to maternal licorice use, maternal occupational status at birth, child's gender, birth weight, length, head circumference at birth, birth order, mode of delivery, or mother's gestational illnesses, age, weight, BMI, occupational status, alcohol consumption, or stress during pregnancy (all P values Ͼ .10), but it was related to more frequent maternal smoking during pregnancy (P ϭ .02). We excluded children with neurologic conditions that may be related to impaired sleep and behavioral problems. Four subjects were excluded because their parents reported that the child attended a modified curriculum and had been diagnosed with delayed language development (n ϭ 2), delayed motor development (n ϭ 1), or Asperger syndrome (n ϭ 1).
Actigraphy
Sleep quality was objectively measured by using actigraphs, which have a high correspondence with polysomnography. [17] [18] [19] The participants were advised to wear the Actiwatch AW4 actigraphs (Cambridge Neurotechnology Ltd, Cambridge, United Kingdom) on their nondominant wrist continuously for 7 days. The parents were instructed to keep a sleep log to report bed times, rise times, monitor removal times, and daily problems/ conditions that might alter sleep quality (eg, illness).
Nocturnal activity data were scored with Actiwatch Activity and Sleep Analysis V 5.42 software using the medium sensitivity and 1-minute epochs as recommended by the manufacturer. The scoring algorithm has been validated in a normative sample 20 as well as in children aged 1 to 12 years with sleep disordered breathing. 21 Using the medium sensitivity in the scoring program, the actigraph-based sleep data corresponded well with polysomnographic data (agreement rate: 87.3%; sensitivity: 93.9%; specificity: 59.0%). 20 Nights were excluded from additional sleep analysis if (1) the actigraph was not in use, (2) information on the bedtime was missing, (3) the child was asleep according to the data at the reported bedtime, (4) information on rise time was missing and the activity pattern was not unequivocally interpretable, or (5) the parent communicated a significant deviance from the normal daily routine (eg, because of illness or travel). The overall number of excluded nights was small: there were 21 (7.5%) children with 1 excluded night; 9 (3.2%) with 2 excluded nights; 1 (0.4%) with 3 excluded nights; and 3 (1.4%) with 4 excluded nights.
Of the participants, 304 (94.7%) took part in the actigraph measurement and wore an actigraph for 5 to 14 days. One actigraph was lost during the measurement period. Two registrations were lost before scoring because of technical errors, and 2 participants were excluded because of mechanical errors during the measurement period. Two participants were excluded because of a lacking or incomplete sleep log. One participant was excluded because there were only 2 valid registration nights, and 1 participant was excluded because of respiratory infection during the complete measurement period, leaving 292 children with acceptable registrations.
Questionnaires
The parents also filled in a 26-item sleep questionnaire (Sleep Disturbance Scale for Children). 22 A total score and 6 subscale scores were calculated: disorders of initiating and maintaining sleep (DIMS), sleep breathing disorders (SBDs), disorders of arousal (DA), sleep-wake transition disorders (SWTDs), disorders of excessive somnolence (DES), and sleep hyperhydrosis (SHY). The sleep problem total score was dichotomized at 39 points (n ϭ 110 [39.1%]). 22 Parents also rated children's usual bedtimes and wakeup times on weekdays and week-ends. Average sleep duration was calculated and dichotomized at 9.65 hours (n ϭ 35; 12.5%), the 10th percentile. Children's behavioral symptoms of ADHD were evaluated by using the maternal ratings of the ADHD Rating Scale IV, 23 which consists of 18 items derived from the ADHD symptoms described in the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition. The scale consists of hyperactivity/impulsivity and inattention subscales. In addition, the parents were asked a set of questions concerning medical history, family background, and socioeconomic status. Parental education was classified into 4 groups: high school or less, some college, college graduate, and degree beyond college.
Of the eligible participants, there were 292 children with a valid actigraph registration, 301 children with ADHD data, 305 children with sleep questionnaire data, 303 children with parent-reported sleep data, and 280 children with a complete data set.
Statistical Methods
Short sleepers were defined as those who slept Ͻ7. First, Pearson's or Spearman's correlation coefficients were calculated to assess the relationship between sleeping problems and behavioral symptom scores. The nonparametric test was selected when either of the variables were clearly skewed (SBDs, DA, DES, SHY) as determined visually. Means were compared by using analysis of variance. Polynomial contrasts and the Helmert test were calculated to track potential linear relationships and threshold effects (short sleep versus more). If the group comparisons were significant, Cohen's d was calculated to describe the effect size.
Second, a series of multivariate linear regression models were computed to test the hypothesis that short sleep and sleeping difficulties are associated with behavioral symptoms of ADHD when the confounding factors were controlled. In the partially adjusted model, we controlled for age, gender, parental education, height, BMI, and mother's age. In the fully adjusted model, we also controlled for certain neurologic and somatic illnesses (dyslexia, dysphasia, atopic eczema). Finally, we took the sampling method into account by controlling statistically for maternal prenatal licorice use. We also studied whether the timing of the measurement affected the results and controlled for school holidays.
RESULTS
Basic characteristics of the subjects are reported in Table 1 and distributions of the studied variables in Table 2 . Table 3 shows the associations of various sleeping difficulties as rated by parents in the Sleep Disturbance Scale for Children and behavioral symptoms of ADHD. DIMS, DA, SWTD, and DES subscales were correlated with behavioral symptoms of ADHD, whereas SBD and SHY subscales were not. Children with sleeping difficulties (total score of Ͼ39 points) had higher scores on all the ADHD subscales than other children (hyperactivity/ impulsivity: 7.5 Ϯ 4.5 vs 8.7 Ϯ 4.6, P ϭ .029, effect size, 0.27; inattention: 6.0 Ϯ 4.1 vs 7.7 Ϯ 4.1, P ϭ .001, effect size, 0.41; total score: 13.5 Ϯ 7.8 vs 16.4 Ϯ 8.0, P ϭ .003, effect size, 0.36). These effects remained in the partially/ fully adjusted regression models (hyperactivity/impulsivity: ␤ ϭ 1.27, P ϭ .020/␤ ϭ 1.16, P ϭ .037; inattention: ␤ ϭ 1.72, P Ͻ .001/␤ ϭ 1.58, P Ͻ .001; total score: ␤ ϭ 2.99, P ϭ .001/␤ ϭ 2.73, P ϭ .004).
We then studied the degree of behavioral symptoms among short, average, and long sleepers, and found that all 3 behavioral scores decreased with increasing sleep length (Fig 1) . In the hyperactivity/impulsivity scale, the means (ϮSD) were 9.7 Ϯ 5.7, 7.8 Ϯ 4.5, and 7.5 Ϯ 3.7 (P difference ϭ .125, P trend ϭ .082, P threshold ϭ .046) for short, average, and long sleepers, respectively. The mean inattention scores (ϮSD) were 7.6 Ϯ 4.1, 6.7 Ϯ 4.2, and 5.6 Ϯ 3.3 (P group ϭ .210, P trend ϭ .079, P threshold ϭ .113). The mean total scores (ϮSD) were 17.3 Ϯ 9.0, 14.5 Ϯ 8.0, and 13.1 Ϯ 6.3 (P group ϭ .141, P trend ϭ .056, P threshold ϭ .049). The effect sizes were 0.41 for hyperactivity/impulsivity, 0.25 for inattention, and 0.37 for the ADHD total score. As reported in Table 4 , short sleep duration remained significantly associated with hyperactivity/impulsivity when controlling for basic confounding variables and further for sleeping difficulties and somatic illnesses, but it was not related to inattention or the ADHD total score. Parent-estimated sleep duration as reported on a dichotomous scale in the Bruni's questionnaire was not associated with hyperactivity/impulsivity (partially/fully
FIGURE 1
The mean symptoms scores of patients with short (Ͻ7.7 hours), average (Ն7.7 and Յ9.4 hours), and long (Ն7.7 hours) sleep. Error bars represent the SEM. Statistical significance: P for group difference ϭ .125 (impulsivity), .210 (inattention), and P ϭ .141 (total ADHD); P for trend ϭ .082 (impulsivity) .079 (inattention), and .056 (total ADHD); and P for threshold (Ͻ7.7 hours versus more) ϭ .046 (impulsivity), .113 (inattention), and .049 (total ADHD). adjusted model: P ϭ .52/.65, respectively), inattention (P ϭ .51/.95), or the ADHD total score (P ϭ .47/.81). Parent-reported short sleep duration as estimated on the basis of the child's bedtimes and wakeup times was also unrelated to hyperactivity/impulsivity (partially/fully adjusted model: P ϭ .91/.88, respectively), inattention (P ϭ .19/P ϭ .07), and the total score (P ϭ .54/.31).
DISCUSSION
We found that both objectively measured short sleep duration and parent-reported sleeping difficulties were independently associated with an increased risk of behavioral symptoms of ADHD. This association was not explained by confounding factors including gender, age, height, BMI, mother's age, parental education, or certain somatic illnesses. To our knowledge, this study is among the first ones to link objectively estimated short sleep duration and behavioral symptoms of ADHD in a large cohort of healthy children. The current study also adds significantly to previous studies, because it combined the use of an objective estimate of sleep duration and parental reports of sleep duration and sleeping difficulties. In partially adjusted models, gender, age, height, BMI, mother's age, and parental education were controlled for (N ϭ 273). In fully adjusted models, in addition to these, sleeping difficulties, dysphasia, dyslexia, and atopic eczema were controlled for (N ϭ 270). There were no statistically significant interactions between sleeping difficulties and short sleep (all P values Ͼ .51), and controlling for prenatal licorice use, maternal smoking during pregnancy, or school holidays did not affect the findings (data not shown).
Previous experimental studies have only rarely assessed the consequences of short sleep duration on children's behavior; thus, the question of whether sleep deprivation among children really causes behavioral symptoms has remained at a level of speculation. Fallone et al 2, 3 studied the effects of partial sleep deprivation on children's cognitive function and behavior in 2 different studies. In the first experiment, they found increases in inattention, whereas there were no significant increases in impulsivity or hyperactivity. In the second study, Fallone et al 3 reported that cumulative partial sleep deprivation increased inattention but did not produce changes in the hyperactive-impulsive scale. In both studies, the total sleep deprivation remained at a low level (4 hours of sleep for 1 night and 6.5 hours of sleep for 7 days), which means that the effects of sleep deprivation would probably have been larger if the duration of the experiment had been longer. Some questionnaire-based correlational studies have also linked short sleep duration and behavioral symptoms of ADHD. 8, 24, 25 Moreover, early school starting hours have been linked with shorter sleep duration and inattentiveness at school. 11 Contrasting findings also exist: longer mother-reported sleep duration was related to behavioral symptoms on Conner's ADHD scale. 9 Three previous actigraph-based studies studied the association between poor sleep and behavior, and our findings are consistent with those. Aronen et al 12 showed that short sleep duration is associated with externalizing symptoms and inattention as reported by the school teachers. Sadeh et al 26 reported that poor sleep is closely related to increased psychiatric symptom scores. The study did not report the results relating to sleep duration but assessed "poor sleep," which was a composite measure based on several actigraph-derived parameters. However, the same research group reported later on that longer sleep duration and better sleep quality were associated with better performance in neurobehavioral tests in a group of 25 healthy boys aged 7 to 11 years. 27 Nixon et al 13 did not find an association between short sleep duration and impulsivity or inattention, but they did link it with emotional instability, a closely related trait. Of note is that their actigraph registration was based on 1 measurement night and the unidimensional actigraphs were worn on a belt around the waist rather than on the wrist as in this study, which may somewhat explain the discrepancies in the findings. 14, 15 Finally, it is worth noticing that although the studies on sleep duration and behavioral symptoms are rare, mounting evidence links sleeping difficulties and behavioral symptoms both in normative 8, [28] [29] [30] and clinical samples. [31] [32] [33] [34] There is also an association between SBD and ADHD. Snoring was, for example, observed in 33% of the patients with ADHD compared with 9% to 11% of the controls. 35 In another study, Ͼ50% of the children referred to a specialist with a tentative diagnosis of ADHD and only 4% of the controls were reported to suffer from SBD. 36 Recent studies have further shown that behavioral symptoms are ameliorated after successful treatment of the underlying SBD, 37, 38 which suggests that a causal relationship exists between impaired sleep quality and behavioral problems, at least in cases with SBD.
One interesting finding in our study was that although the objective estimates of sleep duration were associated with behavioral symptoms of ADHD, parental reports of short sleep were not correlated with behavioral symptoms of ADHD. Previous studies have shown that parental reports and actigraph registrations do not correspond very well. 39 Parental reports may be affected by social desirability bias, or parents may simply be unaware of how long the child is sleeping. Taking into account the growing interest in epidemiologic sleep research in children, new studies are needed to assess whether parental reports on sleep duration are reliable.
The study is based on a large, representative sample, and we particularly emphasized the necessity to obtain objective measurement of sleep duration, but as the study setting was cross-sectional, no conclusions can be drawn regarding the cause-effect relationship. Although we hypothesize that the physiologic mechanism accounting for the association between short sleep and behavioral symptoms is sleep deprivation, short sleep duration does not always indicate sleep debt, because sleep need varies between individuals. Our findings call for intervention studies to unravel causality. Moreover, the sample included a rather low number of children with previous parent-reported neurologic diagnosis. Although we cannot exclude underreporting neurologic diagnoses or nonresponse bias, it is of note that some children with neuropsychiatric problems may still lack a definite diagnosis at the age of 7 years.
In addition, certain methodologic considerations relating to sleep measurements are worth noticing.
First, actigraphs register only movement and not directly sleep and, thus, are prone to measurement error. In individual cases, the measurement can be inaccurate, but when the data are grouped the error is assumed to have a random distribution; thus, it should not confound the underlying associations.
Second, actigraphy's validity has been found to be lower in individuals with sleeping difficulties. However, our sample included healthy children only; thus, this should not be a serious violation.
Third, the validity of actigraphy relies heavily on parental reports of bedtime and wakeup time, and if the parental reports are not accurate, it causes unavoidable measurement error.
Fourth, there is 1 study suggesting that at least 5 measurement nights are needed to gather reliable estimates on bedtimes and wakeup times as well as sleep efficiency, whereas 7 nights may be needed to gather stable estimates on sleep duration. 15 Our sample included 49 (17.5%) children with Ͻ7 registration nights, but despite this, with its 2024 registered nights, the study is by far the largest to date.
Fifth, questionnaire data on sleep duration can also be inaccurate. Bedtimes and wakeup times were addressed only at quite large intervals and a 30-minute measurement error is inherent because of the categorization of a continuous variable. Moreover, questionnaire data does not take into account day-to-day variability, nocturnal
